This work compares the results of four different unfolding codes, MSANDB, MAXED, FRUIT and BONMA, which are based on different unfolding techniques. Additionally, Bayesian parameter estimation is also considered. All unfolding codes were supplied with the same set of input data acquired at the Environmental Research Station 'Schneefernerhaus' on the Zugspitze mountain, corresponding to continuous measurements of secondary neutrons from cosmic radiation. The HMGU high-energy extended Bonner sphere spectrometer (BSS), consisting of 16 measuring channels with 3 He proportional counters, was used as a reference BSS. The differences in the neutron spectra obtained with the different unfolding codes are discussed, and the uncertainties of integral quantities, like neutron fluence and ambient dose equivalent, are quantified.
INTRODUCTION
The Bonner sphere spectrometer (BSS) (1) is a neutron spectrometer that is widely used for radiation protection purposes due to a number of advantages like wide energy range, isotropic response, reliable values of neutron fluence and ambient dose equivalent. Using a BSS requires a well-established and validated response function for each sphere, defined as the reading per unit fluence as a function of neutron energy, usually calculated using Monte Carlo (MC) codes and validated with calibration measurements. The most complex aspect of neutron spectrometry with a BSS is the unfolding process, due to the nonuniqueness of the solution. Neutron spectrum unfolding from BSS readings is described by a system of Fredholm integral equations of the first kind. The count rate measured by the jth Bonner sphere, C j , is given by Equation (1) , where R j (E) is the response function of the jth sphere and F(E) the neutron fluence to which the system is exposed.
To obtain a numerical solution, the system of Equation (1) is usually written in terms of a discrete system of equations, described by Equation (2) , where R j (E k ) is the response function of the jth sphere to neutrons of the energy that corresponds to the kth energy bin, N the number of energy bins and F(E k ) the fluence in the kth energy bin. However, Equation (2) has no unique solution, because the number of unknowns (N¼130 energy bins of fluence F(E)) is much larger than the number of equations (M¼16 measuring channels), i.e. N .. M.
Obtaining accurate results from a BSS is strictly related to the availability of a well-established response matrix (calculated on a consistent number of energy bins and verified in reference neutron fields). In addition, attention must be paid to the correct use of the unfolding code.
There are a number of unfolding codes based on different approaches to determine the F(E) values that satisfy the system of equations described by Equation 2. For example, methods based on linear and nonlinear least-squares methods (2) , Bayesian methods (3) , maximum entropy (4) and artificial neural networks (5) , among others (6) , have been used. The unfolding of the fluence spectrum measured by means of a BSS is associated with several uncertainties from different sources, such as those associated with the measurements, detector's calibration and response functions, which should be analysed and quantified. For example, the effect of using different response functions in the unfolding was previously studied (7) . Since the unfolding process is an under-determined problem, it must be necessarily provided with some amount of pre-information in addition to the response matrix, the sphere counts and their uncertainties. The use of an initial spectrum which is iteratively varied according to the numerical values of the sphere counts and their uncertainties is a way to provide pre-information. Another way is to parameterise the spectrum as a combination of continuous functions fully described by a limited number (less than 10) of physically meaningful parameters. Thus, the many available unfolding codes are different in the sense that they differently provide pre-information and differently 'weight' the pre-information, the sphere counts and their uncertainties. Whilst these differences are not likely to seriously affect the spectrum-integrated quantities (total neutron fluence and ambient dose equivalent), they certainly can affect the spectrum shape. So, it is of major importance to compare the results from different codes, using the same count rates and response functions, to understand how the used unfolding method influences the final results.
Some inter-comparison studies were done at the end of 1980s. In the EURADOS inter-comparison (8, 9) , 8 institutes participated and 10 unfolding codes were compared. Two BSSs were used: one with eight spheres and another one with four. The maximum neutron energy was around 10 MeV.
In the present study, an inter-comparison among four unfolding codes was performed: MSANDB (10) , MAXED (4) , FRUIT (11) and BONMA (12, 13) with emphasis on high-energy neutrons (i.e. energies of up to 1 GeV). In addition, the data were analysed using Bayesian parameter estimation using a program developed with the software package WinBugs (14) , and this method was regarded as an unfolding code.
MATERIALS AND METHODS

Bonner sphere spectrometer
The HMGU extended-energy BSS used in this study consists of a set of 15 polyethylene (PE) spheres, each with a spherical 10 MeV (15, 16) , two additional 9-inch PE spheres each have an embedded lead shell, one 0.5 inches in thickness and the other 1.0 inch.
Measurements workplace
The count rates used in this intercomparison were acquired at the Environmental Research Station (UFS) 'Schneefernerhaus' located some 300 m below the Zugspitze summit, corresponding to 2650 m above the sea level (ASL), in Germany. The energy distribution of secondary neutrons from cosmic radiation is continuously monitored by means of a highenergy extended BSS (17) . The spectrometer has an hourly time resolution and the daily average of the data acquired on the 16th of December 2012 was used for the unfolding comparison. In Figure 1 , the obtained count rates are shown.
Unfolding codes
MSANDB
The MSANDB unfolding code is based on the early SAND-II code (18) . MSANDB uses iterative procedures and requires a start (guess, a priori) spectrum containing physical information about the neutron field. The 'Hybrid8 0 start spectrum (19) was used. It represents a rough shape of the expected neutron spectrum, containing four regions: a thermal peak, a flat region of epithermal neutrons, an evaporation peak at 2 MeV and a cascade peak at 100 MeV. The code iteratively modifies the start spectrum to be consistent with the measured count rates of the detectors until a final solution is found. Based on longlasting experience, 300 iteration steps were used. For more details see Simmer et al. (19) .
FRUIT
The FRUIT (FRascati Unfolding Interactive Tool) parametric code (11, 20) was designed as a tool for operational measurements in scenarios where very scarce pre-information is available. Besides the sphere response functions, the counts and related uncertainties, FRUIT only requires to introduce qualitative information on the type of 'radiation environment' on the basis of a check-box input section. The quantities involved in the unfolding process and their variation are continuously displayed during the convergence process: the plot of the spectrum, the measured and unfolded Bonner sphere counts, the parameters, the tolerances and the doses. The code includes a statistics tool to derive the probability distributions of all quantities related to the final spectrum: the parameters, the fluence (and fractions of fluence in given energy intervals), the ambient dose equivalent and the neutron spectrum, specified bin by bin. Uncertainties are derived on this basis. As an alternative to the parametric approach, FRUIT also includes a 'guess-spectrum' unfolding option, based on a special gradient method (SGM). It this work the parametric algorithm has been employed.
BONMA
BONMA v. 167 is a modified version of BON94 (13) . This code is based on a parameterisation and on an iterative method. The parameterisation algorithm constructs the initial spectrum which is used as a priori information in the iterative procedure. Additionally, a selection of the initial spectrum by the user is also possible. In this work, the parameterised option (Opt. High) was chosen, in which the spectrum is constructed according to empirical physical models. The uncertainties of the calculated spectra bin-per-bin and of integral dosimetric values are estimated using MC methods.
Bayesian parameter estimation
Bayesian parameter estimation is a probabilistic approach for the analysis of data (3) . The procedure used here follows closely the approach described in ref. (21) . The parameterised spectrum used for the analysis consists of four components: a thermal peak, an intermediate region, a medium energy peak and a high-energy peak. The likelihood function takes into account that the data can be modelled by normal distributions. The choice of prior distributions is determined, as in ref. (21) , by the prior information available. The posterior probability distribution, which is the main result of the analysis, is used to estimate the solution spectrum and integral quantities of interest.
MAXED
MAXED is an unfolding code which, given a default spectrum (i.e. an initial estimate of the spectrum), selects a solution spectrum using the maximum entropy principle (3, 4) . The default spectrum used for the unfolding with MAXED was the spectrum estimated using Bayesian parameter estimation (described above).
Response function
The response function HEMA99 (16, 22) used for the HMGU BSS system was calculated using MCNP (MC Neutron and Photon transport code system (23) ) for energies ,20 MeV and HMCNP (a modified version of MCNP) and LAHET (Los Alamos HighEnergy Transport code (24) ) for energies .20 MeV. The response was calculated as the number of absorptions due to 3 He(n, p) 3 H reactions in the 3 He proportional detector per incident neutron fluence. Afterwards, the MC calculated response data were interpolated in the energy range between 1 meV and 10 GeV, with 130 logarithmically equidistant energy bins, i.e. 10 bins per decade.
H*(10) conversion coefficients
The neutron energy spectra were folded with fluenceto-dose conversion coefficients to estimate the neutron ambient dose equivalent. A combination of the conversion coefficients from International Commission on Radiological Protection 74 (25) extended to high energies with data from Pelliccioni (26) was used.
Measurements with extended REM counter
A high-energy extended Andersson -Braun REM counter (NM500X manufactured by Mü nchener Apparatebau fü r elektronische Geräte GmbH) (27) is continuously acquiring hourly H*(10) data at UFS. The measured daily average of the equivalent dose rate on the 16th of December 2012 was 17.81+2.3 pSv h 21 .
RESULTS AND DISCUSSION
Unfolded neutron spectrum A comparison of the results shows that all the spectra have similar shape. It is worth noting that the spectra obtained with MAXED and Bayesian parameter estimation are almost identical. The reason for this is that the Bayesian estimate of the neutron spectrum already fits the data so well that MAXED only makes small corrections to the default spectrum. Slight discrepancies in the position and height of thermal, evaporation and cascade peaks (see Figures 2 and 3) could be attributed to different unfolding methods used. The MAXED and MSANDB evaporation peaks are slightly shifted to higher energies compared with that from FRUIT and BONMA. Also, MAXED cascade peak is shifted to higher energy and its height is rather lower. It should be noted that while the spectra unfolded by different codes may differ somewhat in shape, integral quantities derived from spectra, such as fluence and ambient dose equivalent, are in very good agreement.
Integral values of fluence and ambient dose equivalent rate
Integral neutron fluence rates
In Table 1 , where Th.þEpi. corresponds to the sum of thermal and epithermal energy regions and Ev.þCasc. corresponds to the sum of evaporation and cascade energy regions, the integral values of the neutron fluence rates obtained with the different codes are compared with the MSANDB results. The values are compared with this code only because the HMGU BSS system was used for measurements and it is the standard code used to unfold spectra at this institute. Also, the presented uncertainties take into account only the uncertainties associated with the count rates and response function.
One can observe that the maximum deviation between the codes and MSANDB is 5% for the Th.þEpi. and Ev.þCasc. energy group. The total maximum deviation is 4% and the values are in agreement within the uncertainties.
Integral ambient-dose-equivalent rates
Concerning the integral values of the ambient-doseequivalent rate, shown in Table 2 , it can be observed that the deviation in the low-energy region goes up to 15%, but this deviation, in the most significant energy regions for neutron dosimetry (Ev.þCasc.), goes up only to 9%. As in Table 1 , the shown uncertainties take into account only the count rates and response function uncertainty.
It is to note that the extended REM counter measurements are validated by the BSS unfolded results, since the values are in agreement.
Measured and calculated count rates
A comparison of the measured and calculated count rates, which are the count rates obtained by folding the response function of each sphere with the unfolded spectrum, is a standard procedure to check the consistency of an unfolded spectrum with the data. In Figure 4 the ratios of the calculated to the measured count rates are presented. The count rates obtained with the different codes are in agreement with each other and, except for the 11-inch sphere, are also in agreement with the measurements, within uncertainties. It should be noticed that the ratio C calc /C meas for the 11-inch sphere is 0.9, which is caused by the slightly higher measured count rate with this sphere (see Figure 1) which is due to an unknown reason. 
CONCLUSIONS
Neutron spectrum unfolding from BSS measurements is a challenging task and the correct use of unfolding codes requires experience. Using the same BSS system, the same response functions and the same measured count rates, five different codes were used in this study to derive the neutron spectrum of secondary cosmic neutrons from data measured on the Zugspitze mountain. The shapes of the spectra obtained with the different codes are in agreement, with some slight differences in height and position of the peaks. These differences may be attributed to the start spectrum and to the different unfolding methods used. Concerning the integral quantities of the fluence and ambient dose equivalent rates, the values are in very good agreement and the maximum deviation to the MSANDB values for the Ev.þCasc. energy region is 5 and 9%, for fluence and dose values, respectively. The comparison between the measured and unfolded count rates shows agreement within uncertainties. 
